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|V land |V, |

Precision measurements of CKM matrix at the core of the physics program at B- factories
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Tension between exclusive and inclusive |V, ,|and | V., | measurements along with other related B-anomalies .
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|Vub|

 Experimentally challenging due to dominant B — X .Zv
background.

 Only certain kinematic regions allow for clean separation: lepton
momentum endpoint spectrum or low mx.

* InclusiveviaB = X (v

* Precision of (~7%)
 Operator Product Expansion (OPE) = Heavy Quark Expansion.
e HQE breaks down and a non-perturbative shape function is
required. E 9
Charged Lepton ¢ Virtual W q Hadronic
dr — dro + dr' (AQCD>2 LT, (AQCD)3 dr, (AQCD>4 Energy Mass Squared Mass

mpg mp mpg

« Exclusivevia B — nfv
« Most precise determination of [Vub| (~4%) | V| = (425 +£0.127)12 +£0.23) x 10> PDG inclusive
 Form factor determined non-perturbative from lattice QCD

= + + -3 PDG exclusive
(high g?) or LCSR (g*~0) . [ Vip| = (3.70£0.10 £0.12) X 10

dl’ G % | Vb ‘ R a . Cul.'rent 730 tension be.tween
—— = . ‘ D ‘ ‘ f v (q ) ‘ inclusive and exclusive
dq 247 determinations




Inclusive |V

Based on HQE of B — X ¢v with 5% theoretical uncertainty and

requires parametrization of the shape function (SF) using various

theoretical approaches:

e BLNP: B. O. Lange, M. Neubert and G. Paz, Phys. Rev. D 72, 073006
(2005)

e DGE: J. R. Andersen and E. Gardi JHEP 0601 097 (2006)

e GGOU: P. Gambino et al., JHEP 0710 058 (2007)

Shape function accounts for the motion of the b quark inside the B meson
and should be universal for all b transitions to light quarks.

3 main approaches to measuring inclusive |V ,|:

1. Lepton endpoint spectrum:
Reconstruct a single charged electron and measure the partial rate
near the kinematic endpoint

2. Untagged “neutrino reconstruction”
Reconstruct lepton + missing momentum vector

3. Tagged reconstruction, where one B i1s fully constrained using
hadronic modes.

b |

Phys. Rev. Lett. 88, 231803 (2002)
Phys. Lett. B621, 28 (2005)
Phys. Rev. D95,7,072001 (2017)
Phys. Rev. D73,012006 (2006)
Phys. Rev. Lett. 95, 111801 (2005)

Ref. cut (GeV) BLNP GGOU DGE
CLEO E.>21 422449735 423449137 386+£45 1 32
BABAR E. — ¢* 471 £ 32 + 3 not available 435429 * %g
BABAR E.>20 452426 % 26 452 £26 T 37 430+£24 + 53
Belle E,>19 493+46+ gg 495446 T30 482445 1 23
BABAR E.>08 441412720 306+10F 10 385411 3
BABAR TR 432493120 433492312 424422 18
BABAR P, <066  409+25 T § 42542626 417495 + 28
BABAR mx <17 40342212 410+923 110 490493 +21
BABAR Ey > 1 433+ 24 F 19 444+24F 9 445494 + 12
Belle Ey>1 450 + 27 §3 462428 T 0 462+£28 T 13
HFLAV Combination — 444F 7T 20  4324+12 112 399410 * 9,

[ Parton Level

[Hadron Level}




Phys. Rev. D 95, 072001 (2017)

Inclusive |[Vuw| at BaBar

e Using 470 fb-lextract |V, | and measure B — X ev B
e Identify electron with 0.8 < pcms< 5.0 GeV/c Untagged |

/)

e Suppress non-BB background using Neural Network.
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e Subtract BB background using simultaneous y? fit to off and on 1 1.5 2 2.5 3 3.5

resonance data, relying on MC simulation for the inclusive Xc spectra. Electron Momentum (GeV/c)



Phys. Rev. D 95,072001 (2017)

Inclusive |Vyp| at BaBar

. S 28
e Extract IVubl using: D 260
S T
S 2.4F .. |
|V bl _ AB(AP) § 2.2 in
U — . m 2 :_ AN
7 AC(Ap) S 1gb
S e .
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s~ O
. . o -
¢ Main uncertainties due to: T 4.8f ,,
¢ Simulation of the electron signal spectrum >'§ 4.6 it
e Background subtraction: shape of the signal and background - 44 = L
spectra TE A
e uncertainty on the SF parameters and theoretical predictions of 4.2
the rate (both perturbative and non-perturbative ) 4 .,
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Preliminary

Using 711 fb-1 of Belle data

Hadronic Tagging with Neural Network (0.2-0.3% efficiency)
Reconstruct X system using remaining tracks and clusters in the event
Suppress backgrounds using Boosted Decision Tree
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‘Vub| —

Inclusive |Vu| at Belle

AB(B — X, (" v,)

5 AT(B — X, /

+0.08,+0.13,+0.21
3.81 —-0.08,-0.13,-0.21

4.3 5+0.18,+0.26,+0.26

-0.18,-0.28,-0.28

+0.09,+0.17,40.21
3 '90—0. 10,-0.18,-0.21

+0.10,40.20,+0.18
4. 14—0. 10,-0.22,-0.20

4 01+0.08,+0.15,+0.18

—-0.08,-0.16,-0.19

10-3 IVubl ( stat + sys + theo.)

DGE

+0.08,40.14,40.20
3 '99—0.08,—0. 14,-0.26

+0.17,+0.26,+0.18
4'27—0.18,-0.28,—0.21

+0.10,4-0.18,+0.20
4'08—0. 10,-0.19,-0.26

+0.10,+0.21,+0.11
4'25—0. 10,-0.22,-0.12

+0.08,4+0.16,+0.11
4. 12—0.()9,—0. 16,-0.12

clciolV

+0.08,40.13,40.15
3'88—0.08,—0. 14,-0.16

+0.18,40.27,40.24
4‘36—0.18,—0.28,—0.27

+0.09,40.18,40.15
3 '97—0. 10,-0.19,-0.16

+0.10,40.21,+0.09
4'24—0.10,—0.22,—0.10

+0.08,+0.16,+0.08
4.1 1—0.09,—0. 16,—0.09

V)

+0.07,4+0.12,40.17
3'55—0.07,--0.12,—0. 17

+0.15,+0.23,+0.17
3'77—0.16,—0.24,—0.17

+0.09,4+0.16,4+0.17
3'63-0.09,—0.17,—0.17

+0.10,40.20,4-0.18
4. 14—0. 10,-0.22,-0.18

+0.08,+0.15,+0.18
4.01 -0.08,-0.16,-0.18

Highest precision achieved with 2D fit!
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[Vub| Measurements over Time

_.. CKMFitter Unitarity

EPS 2019

+ [Vub| Inclusive
PDG CKM Review

+ [Vub| Exclusive
PDG CKM Review

Np = puv
O Nature Phys. 11 (2015) 743-747

+ This work (Belle Preliminary)

B-puv
* Phys.Rev.D 101 (2020) 3, 032007

B-tv
4 Phys.Rev.D 92 (2015) 5, 051102
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Result compatible within 1.4 ¢
with exclusive determinations.
_ -3
|Vub\ (avg) =(4.06 + 0.09Stat + 0.16sys + 0.1 Stheo) X 10

Arithmetic average over 4 determinations!
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wod Inclusive (V| at Belle 11

4.5 | | | | | | | I | | | | | |
* Maximize shape function information by measuring a large number - . . -
of differential spectra 2N (Belle L1 PrOJe(Et.l(t:).n ):

. .. ~ exp. + param. uncertainties

» Global fit to the full spectrum, combining B = X v and B — Xy 4.4 - ! PP .
with constraints on HQE parameters from B — X £v simultaneously T ——-1ab~! -
* This has been demonstrated by SIMBA, Analysis of B-Meson, i h1 |
Inclusive Spectra, group. R — Ja .
Statistical Systematic Total Exp  Theory Total '.g 4°3 _— __
(reducible, irreducible) > _ -
|Vl;b|'inclusive ) - = \ |
605 b1 (old B tag) 45 (3.7, 1.6) 6.0 2.5-4.5 6.5-7.5 °°o i A i
5 ab™! 1.1 (1.3, 1.6) 2.3 2.5-4.5 3.4-5.1 — 4.2 , \\ —
50 ab~! 0.4 (0.4, 1.6) 1.7 2.5—4.5 3.0—4.8 =L W _
I \) _
 Systematic uncertainties related to tracking and PID will be . I -
improved by Belle |l upgrades: 4.1 /’/ —
. . . . . - \\ — —_
* New and improved PID in the barrel region (time of propagation i ~/ _
counter) . l X v+Xey o

« Smaller drift chamber cell size . 4.0 T

* Improved detector performance

4.75
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o= Inclusive |V ,| atBelle Il

Belle II [cdt=34.6fb~" ——————
e Maximize Shape funct 5000~ Preliminary _ 7
, , : B-X,ev. MC, B=(2.13x 0.30) x 10" : - i
of differential spectra : T Belle 11 Pro‘]ect.lo.n i
Gl T he full | ¢ Excess in data (exp. + param. uncertamtles)_
* obal fit to the full sp " 724, B-X,eve MC uncertainty _
ith constraints on HC | — “°°° \ ~1
V\./I ﬁons ra|r|1 S on S : N -——-1ab }
simultaneously > ! 1 -
N m I
» This has been demons | © _ & s . 0§served 5ab _
N — —
— |8 _ ’ | €l excess -
& 744 in data (>30) ! _
|Vup| inclusive ; . "7 \ _
605 fb~1 (old B tag) 4.5 Y 2000 7 \\ _
5 ab~ L 11| o - 7/ \\ _
50 ab™! 04 I35 7 \ _
c i 7 \ i
(O 7 \
. ... 1Y 1000 \ -
« Systematic uncertaint _ 27 I -
improved by Belle Il u| ; ' - -
« New and improvec ol o R _
o * _
Counter). 2‘,|.,..|1,..|1.H|..Hlllul.[,.lll.ll. XU,EI/—FXS’)’ |
 Smaller drift chaml | : . R N S R S T N
e Improved detector | S|z |
P e A S bt 4.70 4.75
40!
Q
_ | | 1 oo | | | 1S
2721 2.2 2.3 2.4 2.5 2.6 2.7 2.8 1,° [GeV]



Exclusive 1Vl

Using tagged and untagged B — #fv
 Tagged analyses: high g2 resolution, lower statistics. Main systematic: calibration of tagging efficiency.
 Untagged analyses: higher background, more restrictive kinematic cuts. Main systematic: determination of

the missing neutrino momentum
Hadronic reconstruction with 711 fb-1 of Belle data.

- p)
Determine Mmis S

Extract yields from fit to M?

miss"

by subtracting B

Extract |[Vub| using different theoretical parametrization of the

tag’

Tt

io» Csig from Y (4S5)

form factor f. dI'  G%|V|?
+0 d—q2 — gzllf;r3b| |p7r|3|f+(q2)|2
X, Theory q2. GeV/ c? Vb X 10°
LCSR1 <12 3.304+0.22 + 0.09:80:2835
0 LCSR2 <16 3.62+0.20+0.10"

HPQCD > 16
FNAL/MILC > 16

-—0.4
3.45+0.31 + 0.09:§;£
3.30 % 0.30 £ 0.0973°33

LCSR1 < 12

+ LCSR2 < 16
HPQCD > 16
FNAL/MILC > 16

3.38 +£0.14 &+ 0.097 5 35
3.57 £ 0.13 £ 0.097°)3%

3.86 + 0.23 + o.1o:§;22
+0.41

3.69 + 0.22 + 0.097 941

V| = (3.52 4+ 0.29) x 103

100

- o
o -
N ITIIIIIIII]ITTIIIT[ITT

N
-

-2)

AB(QVAG* 10" x(2 GeV?/,

Entries/(0.15 GeV?/c%)
g

O

w o & S &

<

’

Phys Rev D 88, 032005 (2013)

This study B —x*#vdata
—— BCL fit (K=3) 10 DATA+LOCD+LCSR




Phys. Rev. D 86 092004, 2012

e Measure partials BFs of B - 7=¢v, Bt - 7%v ,Bt - wfv, Bt - nV¢v in
bins of g~.
e Reconstruct Y= lepton+ charmless meson system.

— — —

e Infer neutrino 4-momentum from p* —— p* beams p* ‘ot

determined from the sum of all detected particles in the Y (45) frame
e g’= (Pg—P calculated as an average over 4 angles B momentum known

m. (GeV

where the latter 1s

2
mesan)
up to an angle y about the momentum.

e Apply ¢? dependent selections to suppress backgrounds
e Extract signal and background yields in a 2D fit to the AE — nigg

AE — (PB ) Pbeams T 8/2)/\/g MmEges = \/(8/2 +ﬁB 'ﬁbeams)z/El?eams _ﬁg’\

2 3
>16
_ 1 | S
- —nlv signa - (/)]
800 = Srossh;ee% | 800 + i
- A b—ulv both B - E
- E b—ulv same B "
0 600"
i * data
400} 400"
200 200 |
‘ 0
o . .o - -1.0 -0.5 0.0 0.5 1.0
520 522 524 526 528 27 .05 0 05 1 AE (GeV)
mgg (GeV) AE (GeV)

12



Phys. Rev. D 86 092004, 2012

Untagged B — nt’v

o 20)_(.|0
. . . . > [
Extract |V , | from the combined B — 7£vA%(q?) using 3 different theoretical 8 181
parametrization of the form factors. Vis| = A/AB/ (150 AC) o 161 |
X :_ 4‘ P
£ (Gev)  AB (107  AC (ps )  [Vaol (10°3)  x2/ndf Prob(x’) Y 14 i T
B > ity § 12:
HPQCD [5] 16 —26.4 0.37 £0.02 £ 0.02 2.02 4+ 0.55 3.47 £0.10 £0.0812%0 2.7/4  60.1% o r
FNAL [6] 16 —26.4 0.37 £0.024+0.02 2.2170%7 3.31 £0.09 +£0.077037 3.9/4  41.5% mn 103_
LCSR [3] 0—12 0.83+£0.03+£0.04 4.597 922 3.46+0.06 £0.087037 8.0/6 24.0% < g
LCSR2 [34] 0 3.34 +0.10 £ 0.057 022 B
BT — wlty 6:_ ® data
LCSR3 [18] 0-20.2 1.1940.16 +£0.09 14.24+3.3 3.20 £0.21 +0.1270:55 2.24/5 81.5% 43_ A FNAUMILC
Simultaneous fit of the BGL parametrization and 4 points in the FNAL/MILC 2:_ * FNAUMILC fitted
lattice data yield |V, | = (3.25 £ 0.31) x 107 h | BGL fit toI data + FNAlL/MILC | |
Result compatible with alternative determinations using LCSR and compatible % 5 10 15 20 25
with previous Belle tagged results Unfolded qz (GeVz)

[V, | =(3.25+0.31)x 1073
LCSR: Phys. Rev. D83, 094031 (2011).

HPQCD: Phys. Rev. D73,074502 (2006); Erratum ibid. D75, 119906 (2007). Still in tension with inclusive
FNAL J. A. FNAL: Phys. Rev. D79, 054507 (2009) determination!
LCSR2:A. Bharucha, 10.1007/JHEP05(2012)092.

LCSR3: Phys. Rev. D71, 014029 (2005) 13
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<2 Exclusive IVl at Belle 11

. o Statistical Systematic Total Exp  Theory Total
e [Larger data sample will improve statistical power. (reducible, irreducible)
e Combined with lattice QCD determinations in the full [Vup| exclusive (had. tagged)
, , 711 b~ 3.0 (2.3, 1.0) 3.8 7.0 8.0
kinematic range. 5ab~ ! 1.1 (0.9, 1.0) 1.8 1.7 3.2
. —1
e Expect reduced systematics on Npz and fyo/f, o for untagged = 50ab 0.4 (0.3, 1.0) 1.2 0.9 L7
|Vub| exclusive (untagged)
analyses. 605 fb 1 1.4 (2.1, 0.8) 2.7 7.0 7.5
. . . -1
e Improved tagging techniques Full Event Interpretation( see 5 ab 1.0 (0.8, 0.8) 1.2 1.7 2.1
. . . 50 ab~! 0.3 (0.3, 0.8) 0.9 0.9 1.3
backup) 1s expected to increase efficiency by ~2%
¢ Implement multivariate rest-of-event optimization to 0
improve AL and my resolution in untagged analyses. B — 1 f L
| | _ _1
108 Bolle (| MG " Belle T MC . Belle Il Preliminary [cdt=34.6fb
Q) — | | | LI | | | | L { —
o 8__I ! ! | | | — —8— tagged + current LQCD g - -l : B°
8 - - —B- untagged + current LQCD @) | - Background 1 ] o sig
> 7E | ROE optimized = 6 - STt —@— tagped + LQCD in 5 yrs Pon " 2/ MC stat. unc. 1 Observed signal significance:
5 - ‘ ] status —B- untagged + LQCD in 5 yrs % 30F ¢ Data : 5.69 ¢
+= o ) ] ) —8— tagged + LQCD in 10 yrs I
Q 6: | ROE not optimized Y - 2 —B- untagged + LQCD in 10 yrs g «:
< n ' . '
5F = — N 20¢ !
- R - I () i
4 3 —~ } :
n 6 31 — 9 2 10| I
3 e ARG U 2 e R " % -
E 2 1  mmm— . Lﬁ
of S S AN s ol
: B e e o O 25E -
i ’ T | '
i . g 0.0F | S $ e
16518 5.2 522 524 526 528 0 10 20 30 10 50 OF =20k
) £ [ab™] 1.0 -05 0.0 05 1.0 15 20 25 3.0
Mg [GeV/c] Mﬁmss in GeV?/c*



|Vcb|

» Inclusive via B = X £v:

o 3 2 ' 3 ' 4
1927 my my my

Gimy c O c O 1
D= —ZF7% |Vcb|2(1 | 5(1-’“) < 5)(/"') : 6(“) < 6>(p’) , O( ))
 Heavy Quark expansion of decay rate with non-perturbative matrix elements and perturbative coefficients.

 Non-perturbative parameters determined using the lepton energy or hadronic mass moments of B = X Zv

. Exclusive via B —» D¢
 C(Clean experimental modes with low background.
 Decay rate requires input on the form factor parametrization.

— (42.2+0.8) x 1077 (inclusive) PDG value

= (39.5+£0.9) x 107° (exclusive) PDG value

Tension between exclusive and inclusive determinations.
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B — D*fvu

dl’ (72,5 | ) ,
y (B — D*gl/g) rmp ‘V'Cb‘Q(,wQ L 1)1/2P(u))(77ewf(/w))2. 0 — mpg +mD q
w

A8 IMpmp

e Requires input on form factor parametrization:

ha,(1)[1 —8p%2 + 53p—15)

(23 91)z
@ @ +005( -1)%
+ 0.ll(w— 1) — 0.06(w — 1)?

Boyd, Grinstein, Lebed parametrization
Phys. Rev. Lett. 74, 4603 (1995)

Caprini, Lellouch, Neubert parametrization
Nucl. Phys. B530, 153(1998)

e Extract |V, | at zero recoil, w = 1 by measuring the differential rate.
e Use measured differential rate as input to a fit for the form factors and g F (1) | V., | -

e [Lattice calculations available only at zero-recoil (1) = 0.895 £ 0.026 (Phys. Rev D 97,054502 (2018) ) or
F (1) =0.906 = 0.013 (Phys.Rev.D89, 115404 (2014)) .Work in progress towards calculations at larger recoil.

16
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L2 B > D¢

 Untagged analysis using Full Belle dataset: 711 fb-"
 Reconstruct D* and identify lepton candidate

. Estimate backgrounds using fits cos6 p«;, AM, p,.

 Determine direction of non-signal B using residual
tracks and clusters not used in the reconstruction.

10°
" x10° o PO 2 20
£ anf . 5 14 iy g I
S 80 * Tk 2 2 (L - * u - *
b 705 €08V = o7 5% | soF- e - . COS V
= PPl - N
601 . 8- 10 T e .
[ 6—_ . B PO — &
50:_ ——+— On-Resonance Data - o
4F 5
— [ 1 Signal - -
40 . D0+ 2F
— B Correlated cascade decays = T — P T T o B A
30 BN Uncorrelated Y 07705 11 115 1.2 125 1.3 135 1.4 145 1.5 07 08 06 04 02 0 02 04 06 08 1
- Fake lepton w coso,
20_ Fake D* x10°
Z Continuum o 16 . . o x10°
[ [ ~ . | RSP — 44 B
o— 1 1 1 1 1 1 1 1 1 m 12:_ P I m 10:
0 -8 -6 -4 -2 0 2 4 ‘o COSQ :
- 8-
cos Og py 8- . l -
6 °F
45_ . 4l
2= 2§
0 NN U T NN T TN Y T T T N S S T [N Y S T T T Y S AN T T L1 0
-1 -08 -06 -04 -02 O 02 04 06 0.8 1

cos6, X

e Perform binned )(2 fit using 1-D projections of w, cos@,, cos6y,, y to extract form factor parameters and |V
17



Phys. Rev. D 100, 052007 (2019)

CLN parametrization

= —0.506 = 0.004 £ 0.008,
= —0.65 £ 0.17 &= 0.09,
= —0.270 == 0.064 £ 0.023,

= +3.27 £ 1.25 £ 0.45,
3 = —-0.929 + 0.018 4 0.013,

p? =1.106 £ 0.031 -

R1(1) =1.229 +
Ry(1) = 0.852 -

BF is consistent with different parametrization Model independent
measurement of exclusive
B(B — D*~etv
( ) _ 1.01 £ 0.01 +0.03 F (D] Ve

B(BY — D*—utv)

IVeb| = (42.5+0.3+0.7£0.6) x 10 Exclusive |V | (BGL)

|Vcb‘

Consistent 1Vl result between

(38.4+0.2+0.6+0.6) x 10> Exclusive |V | (CLN) BGL and CLN

Dominant systematic uncertainties

Lattice QCD uncertainty . track reconstruction & lepton ID



B — D*fvu

e EXxploit hadronic reconstruction using BaBar dataset.

« Reconstruct D° - K=zt K 7 7z°, K ntn 7t andforma D™V, D"
» Suppress background using cuts on Eextra and U = E

600

400

200

Events/5-MeV

S
- 4 Data

Events/20-MeV

400

m

iss — Pmiss

200" :

100

00

Background < 3%
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Phys. Rev. Lett. 123, 091801 (2019)

D\ (‘ - K+
B’ B" Ar- y
R UB CO0Z e
%/ "
/€

Unbinned maximum likelihood fit to the four-

dimensional decay rate using all selected

events:

* Not-extended fit: extract form factors only

 Extended fit: Extract by constraining the
integrated decay rate to world average values

of the B and t

Br(B>D'lv,)
7(B)



| Vcbl results lower than recent Belle BGL result.

Discrepancy between CLN BaBar result and CLN
world average.
Does not solve current |Vep| puzzle.

Phys. Rev. Lett. 123, 091801 (2019)

P?)* R1(1)

Iy

(1) | [Ve| x 10°

0.96 =0.08|1.29

0.04

0.99 -

- 0.0438.40 = 0.84

F

al x 10%|al x 10%|a;* x 10

ad x 10% |ad x 10°

|Vcb‘ X 103

1.29 1.63
0.03 +1.00

0.03
+0.11

2.74

8.33

+0.11 +6.67

38.36
+0.90

e LCSR'08
— CLN BaBar
. —— BGL BaBar

20

Similar B — D¢v BaBar analysis
currently in progress!

Plan is to perform a combined
HQE fit to D and D*.



Phys. Rev. Lett. 104 011802 ,2010

B — Dfv

M} (Mp + Mp)*(w? — 1)*2 | Viy 2 G*(w)

CLN Parametrization

dr'(B — Dtv)  G%

80

60

Events/(V.U4 GeV")
=
o

40
1.2d<w<13

dw 4873h G(2) = G(1)(1 — 80%2 + (51p% — 10)22 — (252p% — 84)2°)
. . . 8 600_‘ """" L L L L IT' oo
 Hadronic reconstruction with full BaBar dataset. S - —{— ® =
« Reconstruct signal D meson and identify lepton fgf i . .
e Extract signal yield using an un-binned maximum likelihood fit to the " 400{— —— 1 —
2 SRPTTI . : _
M . distribution i . _
 Main systematic uncertainty: tagging efficiency - —e— -
N L L L L 2001 o
soF— e e 100 B |

20

I

||||||||?||||||1||||||||||I

0

-0.5 0 0.5 1 1.5 2 f— —f
m2.__[GeV?] B :
2 - , 0.02F- &
« Measure |Vcb| and p~ using a least square fit in ten bins of w. - -
0.01— -
| Veb| = (41.6£1.8+1.4+0.7,,) x 1073 : l . - | z

03 1.1 1.2 1.3 1.4 15 1.6

21
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-
H
o

Events / ( 0.09 GeV?)

Updated analysis with hadronic tagging at Belle.
10 DT and 13 DY modes, 5 times the width reconstructed by BaBar

Signal yield extracted from a fit to

)]
o
L B

o N
o o
LI I I

(02}
o

Perform fit to CLN

determine

= data
[ 1B —=Dlv
B B - D*lv
[ other background

1.00=w<1.06

1 1.5 2

M2 (GeV?)

Events / ( 0.09 GeV?)

MZ

m

ISS"

i [\S] [\S] w w
o) o ()] o Q
o o o o o

171 T T I

—y
o
(=)

50

0.5

= data
[ 1B —=Dlv
B B — D’lv
[ other background

1.36=w<1.42

1

narametrization and use &

V.| =(39.86+1.33)x 107>

1.5 2

M2 (GeV?)

B — Dfv

H

o

S
|

©

o

o
I

N

a1

=]
l

Events / ( 0.09 GeV?)
2 2

| —4—

s data

[ 1B —Dlv
B B — D*lv
[ other background

1 | Lol | |

1.54<w<1.60

0.5 1

1.5

2

Mi\iss (Gevz)

1) =1.0541 = 0.0083,

e Repeat with BGL parametrization and lattice calculations to find
|V, | =(40.83+1.13) x 107>

Consistent with B — D*¢v, smaller deviation from inclusive |V _, |

22

dr / dw [GeV]

dr" / dw [GeV]

S
o

x107"°

Phys. Rev. D93, 032006 (2016)

—¥— Belle

1
—

W
a

25

20

15

10

Lrjprrrryprreryprrerfprerrrfrrrrprtrrrprrrd
| ! | | | I I

| I 1 | | | | | | | |

H
o

W
(8

25

20

15

10

1 1.1

x10™"™

1.2 1.3 1.4 1.5 1.6

—— Belle

—— HPQCD
—=— FNAL/MILC
— Fit

_I|IIII|IIII|IIII|IIII|IIII|IIII

—i

1.1 1.2 1.3 1.4 1.5 1.6



Exclusive 1Vl

.2 - Ax =1 X%
— B — D*tv
Z o
—~ 36|
— 3ABAR (Global Fit)
u'_‘ -
= AVERAGE
] -
= BELLE BABAR (D*0)
34
- BABAR (excl.)
Average includes:
CLEO, ALEPH m
-DELHI, OPAL SpPrng 2019
3 1 | 1 l | 1 | 1
8 8 1 1.2 1.4
02

Vil = (38.76 -

0,42z -

23

ch

M., GV 107

CLN parametrization only

\

48 -
. Ay =1
Average includes: B —> Df L
46— CLEO
ALEPH BABAR global fit
44:
~ BELLE ,
4ol /
BABAR tagged
40 AVERAGE
s 12 14 e
02
| 3
Vip| = (30.58 £ 094, +0.374,) - 10
N

)




e HQE in powers of 1/m,

 Determine parameters of HQE using moments of the differential rate.

dEy

n dl
EE dEg

<En> _ fEe>Ecut

cut

» Using the branching fraction, determine | V.

Br(B — X p)

fEIZ > Ecut

‘Vcb‘2 -

B

[o

dE, 4 dEE

I— :u’ﬂ'

2
" my,

Inclusive [V

<(MX) >cut

2 ,,2 .3 3
Hrs UGy PDs PLss Mb; (mC)

2 2\n dI
f E¢>Ecut dMy (Mx) dM5 X B f E;>Ecut dE; dEg
dM2 _dr R (Ecut) - f dE, dr
ng >ECL1t X sz dEg
Kinetic scheme 1S scheme
O(].) Mp, Mc mp
O(1/mj) oy UG A1, A2
O(1/mjy) PDs Pis p1, T1—3

24

JHEP 1109 055 2011)
Phys Rev D 70, 094017 (2004)



Phys. Rev. D 81 032003, 2010

BaBar Inclusive |V, |

e Using 210 tb-! of BaBar data, measure the mx and lepton energy moments and 22 F1
the combined moments ng = mgc* — 2AEy + A < 21 @
e Use hadronic tagging and reconstruct X system from remaining tracks and NQ - 1 i
clusters in the event. > 20 F ;
e Use kinematic fitting to improve Mx resolution and derive calibration functions 8 19 - *
to correct for mis-reconstruction and detector effects — - i %
‘% 18 | 4} % ::
vV 17F ¢
16.:_|,,,|...I...I..-lnnnlnnl
08 1 12 14 *1.6 1.8
p. . [GeV/c]
I, min
%_: wi(mx) mk i Calibration Bias
<m4’§(> — =1 N.. X Ccal (p27 k) X Ctrue (p2<7 k)
2 Wi N

Reconstruction bias

e Main systematics: background subtraction, calibration functions, etc..

25



Phys. Rev. D 81 032003, 2010

BaBar Inclusive 1Vl

o Determine |V, |, B, m,, m_, u>, ,ug, p;, and pSS using simultaneous y~ fit to the measured moments and partial branching fractions

as functions of the minimum lepton momentum and minimum photon energy E.
e Consistent results between fits to my and ny.

~ |B(B— X -7)1.55 Latest global fits in the Kinetic scheme
B 0.1032 B

x[1+ 0.30(cxs(myp) — 0.22)] |Vcb‘ — (4219 e 078) . 10_3

x[1 — 0.66(my — 4.60) + 0.39(m, — 1.15) B(B IR XCEV) 10654 0.16 7
+0.013(p2 — 0.40) + 0.09(p3, — 0.20) T

+0.05(pZ — 0.35) — 0.01(p> ¢ + 0.15)]. mfi’” = 4.544 £+ 0.018 GeV

2 L 2
Veo| % 10° my [ GeV/c®] me[GeV/c®] B%] uz [GeV?] ue [GeVZe] ph [GeV?] plg [ GeV?] IU”II' o 0464 — 0076 G@V

Results 42.05 4.549 1.077 10.642 0.476 0.300 0.203 -0.144 |
Aczp 0.45 0.031 0.041 0.165 0.021 0.044 0.017 0.075 Gambino, Schwanda, Phys Rev D 89, 014022 (2014)

0.37 0.038 0.062 0.063 0.059 0.038 0.027 0.056 Alberti, Gambino, Healey, Nandi Phys. Rev. Lett 114,061802 (2015)

0.049 0.074 0.176 0.063 0.058 0.032 0.094

No new experimental results
since 2010!

|V, | =(42.05£0.45 £0.70) x 10~°

20
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Belle II

Use hadronic FEI tagging and identify one lepton with

p*;> 0.8 GeV/c and PID likelihood >0.9.

6 signal channels B’/*, BT#~ and two control BT#™ to

: i
estimate ka ¢

Identity X, system using remaining tracks and clusters 1n the

Y (4S) rest of event.

Suppress continuum and require Emiss and pmiss>0.5 GeV.

Data/MC

Events / (0.08 GeV/c?)

3.5

2.5
2.0
1.5
1.0
0.5

0.0 L

1.25
1.00
0.75

x103

3.0 |

_ Belle 1l (preliminary)

[Ldt = 34.6 b1

-NERO0ORRRan

B - X, v
B - Dlv
B-D *{v
B-D**{v

other B - X v

B - XTtv
Cascade

HadronFake

other BB
ete” -qq

Uncertainty

$
’ % ,{, ‘*)*’||+l*l|*|’l’ﬁ'i.l.l.l.!.l.l.l.i.l.'. .! .}.I ’é.l’é’} }
ey

| T# *'.+' **}H*HI

0 1

2
My [GeV/c?]

3

4

27

2.150 |

2.125

<My > in GeV
N
[
o
o

2.025

2.000

11.0 |

10.5 |

<Mj > in GeV

2.075

2.050 ¢

Hadronic Mass Moments of B - X £'v,

Phys. Rev. D 75,032005, 2007

¢ Bellell
@ BaBar (2007)

- Belle Il (preliminary)
JLdt = 34.6 !

0.8 1.0 1.2 1.4 1.6 1.8
p;* Cutin GeV

10.0 |

® Bellell
@ BaBar (2007)

'

?Duwﬁ#ﬂq

h Belle Il (preliminary)
[Ldt = 34.6 b1

0.8 1.0 1.2 1.4 1.6 1.8
p,* Cutin GeV

<Mj > in GeV
n
o

N
o

DlLﬂtg;

é Bellell
@ BaBar (2007)

L +El +m i‘:' +|:|

Belle Il (preliminary)
[Ldt = 34.6fb!

0.8 1.0 1.2 1.4 1.6 1.8

p,* Cutin GeV

4.8 ¢ Bellell
B BaBar (2007)
46 & Belle (2006)
> + o
@) |
0] i o]
= 4.4 + 7 18 9
A + o O +
~NX - + Q
z L
] | (m]
40 Belle Il (preliminary) +
VT [Ldt = 34.6 b1 +
0.8 1.0 1.2 1.4 1.6 1.8 2.0
p,s Cutin GeV
¢ Bellell
26 1 @ BaBar (2007)
¢ Belle (2006)
> 24 B 0O
w ®
© o
£ 22¢F il l
= 207 + ' ﬁ *
Vv ¢ |a 0 +
¢1" To o
o) o* gk
Belle Il (preliminary) o iﬂl
16 | [Ldt = 34.6 fb~? 4
0.8 1.0 1.2 1.4 1.6 1.8 2.0
p,* Cutin GeV
é Bellell
180 @ BaBar (2007)
160
> o
G) o)
140F +
£ ¢
D120 |8
= a |3
u)
V' 100 F e |g + +
)
o4y s
80 | Belle Il (preliminary) D
[Ldt = 34.6fb? % % o

0.8 1.0 1.2 1.4 1.6 1.8
p,* Cutin GeV

In agreement with previous measurements!



Alternative Inclusive V!

 Achieve more precision by including higher order:

2
Mo |Vepl?m} o+ 5V =2 1) (O‘—) | (r<7r 0 4 =) NOVEL
- m m m m APPROACH!!!

« Number of parameters: 4 up tol/m]f, 13 up to 1/m[;l and 31 up to l/m,f
 Use reparametrization invariance to link different orders of 1/mb and reduce the number of total parameters

 Requires RPI observables such as g2
dI‘ dlr
2yny dg? (¢%)" / dg® ——

- 2Mgrg = 5 (Blb, [iD,,iD,] [iD*,iD"] b,|B) o (E* — B?) T e
- 2Mgrg = % (B|b, [ivD,iD,][ivD, iD*] b,|B) <E2> dr dr
4 1 T , a,B - — - * 2 L 2 2
- 2Mgsg = 5 (B|b, [iD,, iD,] [iD*,iDg) (—ic®*)b,|B) (- B x B) R™(qeut) = _aq da? dq dq?
- - o 2
- 2Mpgsg = 3 (B|b, [ivD, iD,][ivD, iDg] (—ic®*’)b,|B) x (G- E x E) 9°>Geut 0
_ 2M854B — ; <B\Ev [iD,,, [iD*, [iDa, iD3]]] (—iao‘ﬁ)bv\8> X < 3 - §> . Fael, Mannel, Vos , JHEP 02 (2019) 177

8 parameters instead of 13!

28



e HQE expressed in higher order terms

E,[GeV]

Alternative Inclusive V!

Br(B — X A7)

|Vcb|2

NOVEL
APPROACH!!!

u37“GaﬁDrrE7 rG,SE,SB,SqBMp, Mc

Determine moments and use it determine |Vl

S N

> - \\\

i 10+ ~. Fael, Mannel, Vos, JHEP 02 (2019) 177
/< 5_ \\\\ _____
m \\\

AN .

& S

Z \\\\\\\\\\\‘ S
0 -

2 !

- —

—— I

~_— _ 

29
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g2 moments at Belle and Belle 11

Tagged approach:

Use similar strategy as mx moments analysis.
e Apply g2>>3.6 GeV2/c4 cut instead of lepton momentum

Untagged approach:

Identify lepton and suppress continuum events using fox
Wolfram R2 cut.

First results expected by Moriond 2021!

30

cut. ® use missing momentum in the events as an estimate of
e Determine background normalization using a fit to Mx the neutrino momentum.
spectrum e Require an,uss 0
e Derive calibrations in bins of g2 e Determine g° = =P,+ P,
| A Generator ®
11 1 @ Reco O
j True O
j Calib. and O a \
= 10 - % Bias Corrected ® &
<L : ° ® &
% 9 - = @ Untagged
O - @ |
& j O &
S 8- O A
| O & . )
| © ®
7 2 &
ﬁ Belle Il (simulation)
| #®
4 5 6 7 8 9 Summer 2021 target: combine
a2, [GeV?/c4] untagged and tagged
measurements!



| V.| Prospects at Belle I1

Belle Il preliminary [coat=346m" Belle Il preliminary fﬁdl’ = 34.6 fb~!
M 5000f o p+e-y.  E=somal 4 I mm 8D v
With 1 ab! size dataset, the limitati 11l mainly b temati o e S ] o e
1 ab-1 size dataset, the limitation will mainly be systematic. S o I I MC Uncertainty
e Improved tracking, PID and vertexing tools. £ | g 0] t D
Z S
N
: 40 '
Reduce systematic uncertainties related to tagging efficiency. S 20f
o 1 |
Clean up low purity modes. O |
Improved measurements for Ny and £ S of i ! Illi”L foo | -4 { { |
: Ce BB g oy ryry i :ééo-o'Hi ” ! ——
Achieve higher precision in the measurements of the moments for s 3 S s N TR X
L . -4 3 -2 -1 0 1 2 3 4 -1.0 -05 0.0 05 1.0 15 20 25 3.0
inclusive |V, | . cosBsy M2ss [GVZ/c?]

e Valuable input for theory!

-------------------------

6F BO-»D"te "7, === BGL: Grinstein et al. ]

- 4 Bellell ]
< St
Provide complementary kinetic information by measuring other Zaf
single differential spectra, such as the hadronic energy or q2. X
e Work already in progress. =2
Improved measurements of B — D**/p with 1 ab-! 1
q

Measured branching fraction is compatible with

current world average!
31




Conclusion

Lots of work in progress in attempt to resolve |V ,| and |V, | puzzle.

Exclusive |V, |:

e Upcoming model independent B — DZv result at BaBar and a combined D and D* HQET fit
e Work in progress at Belle II for improved precision in B — DZv and B — D*{v results.
Inclusive |V, |:

e Novel q2 moments to be measured at Belle II using tagged and untagged approaches.

e Updated my, moments study at Belle II .

Exclusive |V , |:

e Upcoming analysis on B — 1 v for Winter 2021

e Work in progress at Belle II for improved precision in B — #£v and B — pZv results.
Inclusive |V, |:

e Updated Belle analysis with reduced tension with exclusive modes, to be published soon.
e Work in progress at Belle II for first result using lepton endpoint spectrum analysis.




RAG2019

inclusive




Back up



_eading uncertainties

TABLE IX. Systematic uncertainty breakdown for F(1)|Ve.|, branching fraction and form factor parameters in the BGL
parameterization.

Source ap (%] af (%] &t (%) ast (%] ad (%] mewF(1)|Vel| (%] B(B° = D*£Tw) [%)
Slow pion efficiency 0.79 9.59 5.61 4.46 0.18 0.79 1.57
Lepton ID combined 0.67 5.45 1.35 0.73 0.38 0.67 1.33
B(B — D**¢v) 0.05 5.02 4.34 9.31 0.37 0.05 0.10
B — D™ /v form factors  0.08 2.08 3.56 6.78 0.12 0.08 0.16
f+—/foo 0.56 0.46 0.50 0.48 0.56 0.56 1.05
Fake e/u 0.07 6.43 3.03 5.92 0.14 0.07 0.11
K/m ID 0.39 0.39 0.39 0.39 0.39 0.39 0.77
Fast track efficiency 0.53 0.53 0.53 0.53 0.53 0.53 1.05
N(Y(45)) 0.69 0.69 0.69 0.69 0.69 0.69 1.37
B lifetime 0.13 0.13 0.13 0.13 0.13 0.13 0.26
B(D*t — D7) 0.37 0.37 0.37 0.37 0.37 0.37 0.74
B(D° — K) 0.51 0.51 0.51 0.51 0.51 0.51 1.02
Total systematic error 1.65 13.93 8.69 13.77 1.40 1.65 3.26
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Phys. Rev. D 95,072001 (2017)

Inclusive |Vub| at BaBar

s~ 6
‘Q 6r :?_, 3 BLNP
E’n 5.53— o —g 5'55_
e = s
o [Extract IVubl using: 15 TR .
LSRR

0.8'1'1|“1.2"'1.4"'1.6"I1.8H'2H'2.|2H' T e e e T
B p p (GeV/c) 0.8 1 1.2 14 16 1.8 2 2.2

|Vub‘ —

/ « o g 65 GGOU
PDG value of B- Input from 4 S e P =5
lifetime theoretical models 2 o -
- 4.5
 ——
e Main uncertainties due to: S TN
e Simulation of the electron signal spectrum S R (Gevio P (GEVIC)

e Background subtraction
e uncertainty on the SF parameters
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Inclusive |Vu| at Belle

10— Y

T T T L2 T ) * ™ Y r— = 2 .3 + T e - T | ' 2 P— - T T T F—'—T_T
I Background : 2500 @ Background 5
5000 B Signal | B Signal
{ Data : 2000 { Data 1
= wwzz. MC uncertainty = vz, MC uncertainty |
:5 4000 A | .-6 7 uncertainty 4
~ Preliminary { =~ 1500 Preliminary -
Y 3000 R b j
3 3
> 2000 1O
(NN L
1000 500
0 0
2.5 T Y T T T v - T T T T Y - v T T T T T 1 v T T T _: 2.5 T T Y Y T L Y Y T T 2 v Y T | Y ¥ v Y T T y L2 g |
3 oo+ H—— 2 oopt+++++ i
-2.5LL,‘llAkllL‘AAlA‘ALnAL‘J": -2.5AAL‘1AJAA1LAAA1ALA41L‘AA17
0 1 2 3 4 5 0 5 10 15 20 25
MX [GEV] AB = (1.56 + 0.0Bstat £ 0.12sys) X q2 [GeV2]
10-3

BaBar (2017): AB=(1.55+0.12) x 10°®
BaBar (2012): AB=(1.82 £ 0.19) x 103
Belle (2010):AB = (1.96 £+ 0.23) x 10°®
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Data/MC

Events / (0.08 GeV/c?)

Hadronic Mass Moments of 5 — X .Zv,

Use hadronic FEI tagging and identify one lepton with p *, > 0.8 GeV/c and

PID likelihood >0.9.
6 signal channels B’/*, B*#~ and two control BT to estimate Npjo

Identify X, system using remaining tracks and clusters in the Y (4.5) rest of
event.
Suppress continuum and require Emiss and pmiss>0.5 GeV.

35F

3.0
2.5
2.0
1.5
1.0

0.5

0.0 1
1.25 |

|| ||H L .

1.00
0.75

x103

https://arxiv.org/abs/2009.04493

. Belle Il (preliminary)
[ Ldt = 34.6fb™?

B - X, v
B - D{v
B-D*{v

r’ |
’
¢
&
g

o

&4

-NERO0RRRETN

R e e W

B-D**{v
other B - X v
B - Xtv
Cascade
HadronFake

other BB
ete” -qq
Uncertainty
Data

3 —EN

2
My [GeV/c?]

3

4

Subtract background by
assigning a signal
probability to each event

33

Data/MC

x103

4 | Belle Il (preliminary)

W

-

Events / (0.1 GeV/c?)
N

1.25 F
1.00 |
0.75 | |

[ Ldt = 34.6 fb™?

NJh

> (0.8 GeV

B - X, v

B - Div
B-D*[v
B-D**{y
other B —= X Lv
B - XTtv
Cascade
HadronFake
other BB
ete” -»qq
Uncertainty
Data

| Ty

o 1

L é ,
My [GeV/c?]

.3.

4




ain sources of systematics in exclusive [Vub|

Source Error (Limit) [%)]
Tagged [7%] Untagged
Tracking efficiency 0.4 2.0
Pion identification - 1.3
Lepton identification 1.0 2.4
Kaon veto 0.9 -
Continuum description 1.0 1.8
Tag calibration and N g5 4.5 (2.0) 2.0 (1.0)
X lv cross-feed 0.9 0.5 (0.5)
X v background — 0.2 (0.2)
Form factor shapes 1.1 1.0 (1.0)
Form factor background — 0.4 (0.4)
Total 5.0 4.5
(reducible, irreducible) (4.6, 2.0) (4.2, 1.6)
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Belle II

Belle IT Tagged Exclusive BY — K f U,

e FEI hadronic tagging to measure B(B" — 7~ £v) with
o Identify oppositely charged lepton, p, > 0.3and p, > 0.6

GeV/c, and pion using PID algorithms.
¢ Suppress continuum using FoxWolifram moment R2.
o Apply Emiss>0.3 and Eresidual<1 O G@V

o =(F. B N —pn. — .
Pmiss = (Emiss) Dmiss) = PBsig — Py Belle Il Preliminary [rdt=34.6fb"

e Analysis performed blinded 1n the signal region anu W <1 — 40 _‘= oy B2,
O I ackgroun . Si
GeV2/ce. N | v/ MC stat. unc. :
NGata 20.79 + 5.68 3 30[ ¢ opata :
fio0 1.058 + 0.024 2 0 N o
N 5ol :
CFFg] 0.8301 + 0.0286 s 207 :
Ngpp (37.711 £ 0.602) x10° " _ } E A
+J . -
: (0.216 + 0.001)% c 107
> I
L !
0 .
(i) 2.5F :
In agreement with world average! o o0 : '
©|= n 1
8l —25bL i

Observed signal significance: 5.69 ¢ 10 -05 00 05 10 15 20 25 30

M2. in GeV?%/c?

40 miss



BO —> D*_I_fl/bﬂ

E : had : 1 Belle Il preliminary [cdt=346f" Belle Il preliminary [cdt=34.6m-
Xdamine nadronic recCoi . B D T, = S ™ 600 3;0 ; = o ? Sow
- ata Ith entries In the W Din Data
parameter spectrum =209 , o w e S oo ot e
8 7 2
, ) , r § 4000 7 c
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Inclusive |Vu| at Belle

Phase-space region BLNP
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Inclusive |Vuw| at Belle

IVup| Measurements over Time
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<D Exclusive B - D™ t¢u,

Belle II

(o —— )
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I Belle II Inclusive B — X ev, .

(w — )
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Belle II

» Measurement of |V, | in the lepton endpoint momentum spectrum.

|dentify one lepton in the event using PID algorithms.
Suppress continuum using MVA trained with event shape variables.

Subtract continuum and other BB contributions.
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S FEI reconstructlon

e Exclusive reconstruction of hadronic B modes.
e Multivariate algorithm with hierarchal approach
g
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